The development of elbow arthroplasties has significantly improved the quality of life for many patients suffering from disabling elbow disorders. However, the high complication rate such as loosening and instability limits the long term use of total elbow replacement (TER). In the present study, biomechanical analyses on patients with unilateral nonconstrained (Souter-Strathclyde) and semiconstrained (Coonard-Morrey) TER subjects were performed to investigate differences of their motion patterns under unloaded and loaded conditions. In a biomechanical laboratory, each subject performed vertical and horizontal elbow flexion/extension first without and then with external loading (5 lb). The kinematic data were measured using 3D motion analysis system and the motion axis of the elbow was calculated by a well-defined mathematic model. During these tests, the upperarm was fixed with a special fixation device and their forearms fully supinated. The elbow motion patterns of the affected sides were compared with those of the normal sides and between different conditions. The results revealed that the elbows moved about a relatively fixed axis both in the semiconstrained and nonconstrained groups in the vertical flexion/extension with or without external loading, compatible with the normal elbows. However, the nonconstrained elbows were less stable during horizontal flexion/externsion motion with or without external loading and the elbow axis moved significantly, indicating of less stability. We conclude that this methodology of elbow motion analysis is acceptable and can be widely recommended for total elbow study. Moreover, the nonconstrained TER is less stable than the semiconstrained TER during the horizontal movement, which was compatible with previous clinical results. The patients with nonconstrained TER are suggested to avoid using their elbows in horizontal motion, especially in loaded conditions.
INTRODUCTION
Total elbow replacement (TER) has been an established procedure to treat patients with rheumatoid arthritis, posttraumatic arthritis, osteoarthritis and failed reconstructed elbows in the last decade [1, 2] . However, the high complication rate such as loosening, polyethylene wear, infection, dislocation and instability has limited the long term survivorship of TER. Moreover, the revision of failed TER can be very chal-lenging compared to revisions of total knee and hip replacements owing to limited metaphyseal bone stock and soft tissue envelope [3] [4] [5] [6] .
Movement of the elbow joint is controlled by a complex interaction of the articular surfaces, ligaments and surrounding muscles. The normal kinematics of the elbow has been studied thoroughly in the past and it is generally accepted that the elbow joint represents the most hinge-like joint in all of the human joints during flexion/extension, with a slight carrying abduction angle [7] [8] [9] [10] [11] . There are three types of designs of TER, namely constrained, semiconstrained and nonconstrained, all aiming to recover the full function of the diseased or injured elbow. Constrained TERs use simple hinged joints, the intrinsic articulation constraints of which predictably resulted in failure by loosening [1] . The constrained TER has no longer been used because of this reason and semiconstrained and nonconstrained types became the current trend for total elbow arthroplasty. However, controversies exist in the literature as to which type of TER should be selected for elbow arthroplasty [3, 5, [11] [12] [13] [14] [15] . This is because there has no objective evidence showing the capacity of either type in reconstructing completely the elbow movement function. Moreover, the mechanism of the failure in these TERs has not been well understood, increasing the uncertainty in the selection process. The unconstrained design depends on the geometry of the prosthesis, surrounding capsuloligamentous structures, and static and dynamic muscular contributions to stability [16] . The main concern of this type is the development of instability which is attributable to numerous factors including prosthesis design, ligament integrity and the insert position of the prosthesis [1] . Semiconstrained TER has less dependence on soft tissue stability and thereby the indication has been expanded to include ligament attenuation and bone loss [16] . However, these have not prevented semiconstrained prostheses from instability, polyethylene wear and loosening [2, 17, 18] . Moreover, the initial massive bony resection for semiconstrained TER makes the revision operation rather difficult. Biomechanical factors related to TER designs determine the failure mechanism of TER and are thus critical to the survivorship. At present, knowledge of the interactions between the force bearing joint surface and periarticular structures of the TER comes mainly from in vitro studies [1, 14, 15, 19, 20] because in vivo measurements of the forces transmitted in these structures are difficult [3] . While difficult to measure these force interactions directly, their effects on the total joint components, which are the resulting kinematics, can be measured given appropriate techniques. Biomechanical analysis of TERs through the measurement of their in vivo kinematics can provide critical information for the improvement of future design and implantation of TERs.
Measurement of the elbow motion in vivo in the literature has been through the use of electromagnetic tracking devices [9, 10, 14, 15] and roentgen stereophotogrammetry analysis (RSA) [3, 11] . The accuracy of the electromagnetic tracking devices can be affected by metals nearby, limiting its application on patients with metallic implants. RSA is of high accuracy but it is limited to static measurements. An alternative for noninvasive, in vivo 3D measurement of joint kinematics is the use of video stereophotogrammetry which has been widely used in gait analysis [21] [22] [23] [24] . With the method the body segment motion is calculated from trajectories of skin markers reconstructed from images captured by cameras. A main source of errors in this method is the errors due to the relative movement between the skin markers and the underlying bone, called skin movement artifacts.
The application of the method in the measurement of elbow kinematics has to take account of the skin movement artifacts.
There are several methods that can be used to describe the kinematics of the elbow joint. Among the existing methods, screw axis representation is regarded as a precise and sequence independent method for the description of the elbow joint kinematics in three-dimensions (3D) [9, 10] . With this representation, the screw axis will remain fixed relative to the humerus and ulna during elbow flexion/extension if the elbow joint is a hinge joint with a unique axis of motion. The elbow joint has been regarded by many as a hinge joint but its mobility and stability have been shown to be affected by the type of external loads and force-bearing positions during daily activities [25] . For example, an external load acting perpendicular to the flexion/extension axis of the elbow joint may have significantly different effects on the stability of the joint during flexion/extension movement compared to that acting along the flexion/extension axis. These two types of loading may have very different effects on constrained and nonconstrained TER. No study has ever compared the mobility and stability between the two types of TER during flexion/extension while the forearm is subjected to the two different types of external loads.
The purpose of the present study was to investigate the 3D kinematics of nonconstrained (Souter-Strathclyde) and semiconstrained (Coonard-Morrey) TER during elbow flexion/extension in the vertical and horizontal planes, under loaded and non-loaded conditions. Clinical implications were then discussed in the light of the results.
MATERIALS AND METHODS
Six subjects (age: 68.3 ± 10.65; 4 females and 2 males) with unilateral TER, four semiconstrained (Coonard-Morrey) and two nonconstrained (SouterStrathclyde), were recruited from National Taiwan University Hospital and Chang Gung Memorial Hospital. All of them had good postoperative results with nearly full and free range of motion of the elbow joint. Theses two total elbow types were the only products that were used in the last decade in Taiwan. The purpose and procedures of the study were explained to the subjects and informed consent forms were obtained prior to the experiments. The contralateral elbows of the same subjects were used as controls. The radiographs of the semiconstrained and nonconstrained TER's from two typical subjects are given in Fig. 1 .
The subjects performed elbow flexion/extension in a gait laboratory equipped with a 7-camera motion analysis system (Vicon 512, Oxford Metrics Ltd., U.K.) operating at a frequency of 60Hz. Light-weight retroreflective markers were placed on the ulna styloid process, radial styloid process, olecranon, and the middle of the ulna to track the motion of the forearm. The subject was seated with the trunk stabilized in the chair and the upper arm supported and fixed by a stainless fixator attached to the table by two C-shaped clips, Fig. 2 . The fixator was adjusted to fit the upper arm to ensure the upper arm is stable and stationary. Eight retroreflective markers were also attached on the fixator to define its position and thus that of the upper arm. For each subject, both of the affected (replaced) and unaffected elbows were tested. The subject performed elbow flexion/extension in the vertical and horizontal planes without holding a weight and when holding a dumbbell of 1kg while marker trajectories were recorded by the motion capture system. The measured marker trajectories were used to define and describe the motions of the coordinate systems for the forearm and upper arm from which the screw axis of the elbow joint was then calculated.
To calculate the motion of the screw axis, or helical axis, rotation matrices and translation vectors of the two rigid bodies, upper arm and forearm, were needed. The screw axis method describes the general motion of a rigid body by the translation along and rotation about an imaginative axis. The method is free from the sequence dependence and gimble lock problems associated with representations using Euler and/or Cardan angles. However, screw axis can be very sensitive to movement noises such as skin movement artifacts. The screw axis method proposed by Spoor and Veldpaus [26] and further developed by Woltring et al. [27] was the first which considered skin movement artifacts when describing the general motion of a rigid body. In the present study, the screw axis calculation was based on their methods.
The movement of a rigid body from position 1 to position 2 can be described by a translation vector v and a rotation matrix R that satisfies
where I is the 3 × 3 unit matrix and the superscript T indicates transposition. Let 1 2 , , ..., n a a a denote the radius vectors of n (n≧3) non-collinear points A 1 , A 2 , …, A n of the body in position 1, then the radius vectors 1 2 , , ..., nof these points in position 2 are given by for = 1, 2, , n .
R and v are unknown and must be determined from the measured radius vectors 1 2 , , ..., n p p p of A 1 , A 2 , …, A n in position 2, which in general will differ from the 
Given the v and R, the screw axis parameters of this motion can then be determined. With the screw axis method, the general motion of a rigid body is represented by a translation t and rotation θ along an axis in 3D. The rotation angle θ is defined by the righthanded rule, and will always be nonnegative and equal to or less than π, Fig. 3 . For a point P on the rigid body with its local position vector a , global position vector 1 P at position 1 and 2 P at position 2, 2 P is usually represented as
Another way to describe the relationship between P 1 and P 2 is that P 1 first moves along an axis to P' 1 and then rotates to P 2 (Fig. 3) . If the axis is a unit vector u and the radius vector r is perpendicular to the axis, then
The movement of the rigid body defined in Eq. (4) can be described alternatively as:
P a t u u u a r u a r
Comparison between Eqs. (4) and (6) gives
and
From Eq. (8), we further have Fig. 3 The determination of the screw axis of the elbow joint during motion 
where R xy is the component of the rotation matrix R. For sinθ ≥ 0 and considering Eq. (5) 
On the other hand, cosθ can be calculated from Eq. (7) by adding up the principal diagonal terms, which results in:
where trace(M) means the sum of the principal diagonal terms of the matrix M. Since ( ) 1
T T trace uu u u = = , it follows:
For numerical reasons, it is suggested Eq. (9) be used to solve θ if sinθ ≤ 0.5 and Eq. (11) otherwise [26] . The unit vector u can be determined once sinθ is known from Eq. (9), and the translation t and radius vector r can be determined from Eqs. (5) and (7) . Detailed descriptions of the above derivations can also be found in Spoor and Veldpaus [26] . In the present study, the differences of the unit vector of the screw axis between two TER types are compared during flexion and extension motion. Standard deviations of the unit vectors of the screw axes were calculated to evaluate the differences.
RESULTS
The motion of the screw axis of the semiconstrained TER during a typical trial is given in Fig. 4 . The screw axis moved more during horizontal flexion/extension than during vertical flexion/extension either with or without loading. On the other hand, the motion of the screw axis seemed more stable under loaded condition in both horizontal and vertical motions. The results also revealed that the motion of the screw axis seemed more stable while performing flexion motion than extention, especially in loaded condition. Generally, the screw axis of the semiconstrained TER was closer to a fixed axis in the vertical flexion/extension with or without external loading. For the nonconstrained TER, the screw axis pattern of a typical trial is shown in Fig.  5 .
The screw axis motions moved more for nonconstrained TER than for semiconstrained TER in both motion planes and loading conditions. The effects of motion plane on the motion of the screw axis in nonconstrained TER were similar to those in the semiconstrained TER. However, in contrast to the semiconstrained TER's, the screw axis was less stable during loaded motion. The means and standard deviations of the positions of the screw axis during flexion and extension are listed in Tables 1 and 2 , respectively. The results showed that the ranges of motion of the screw axis of the semiconstrained and nonconstrained TER were similar in vertical motion. However, they were different in horizontal motion, especially under loaded conditions. 
DISCUSSION
The dynamic stabilization mechanism of a replaced joint is undoubtedly important for its clinical performance and likely will have an effect on the functional long-term survival of the prosthesis [1] . However, almost all the biomechanical studies of total elbow replacements were based on cadarveric specimens and testing conditions simulating muscle loadings that were very different from in vivo conditions. In vitro studies have helped establish important knowledge for TER kinematics, but contributions of soft tissue restrictions and muscle stabilization function were not considered. In vivo tests are not subject to the above-mentioned limitations but measurements have to be made noninvasively. In the current study the experimental setup and the three-dimensional motion capture system enabled a thorough quantitative rigid body movement assessment of the complex kinematics of semiconstrained and nonconstrained total elbow replacements. The motion of the elbow joint was represented as the rigid body motion of the forearm relative to the humerus using screw axis method while considering skin movement artefacts. The results in this preliminary study agreed well with clinical observations, suggesting that the experimental and theoretical methods proposed in the present study can be used to evaluate the kinematic performance of different designs of TER.
The results of the current study showed that nonconstrained TER was less stable than semiconstrained TER (Figs. 4 and 5, Tables 1 and 2 ), in agreement with both clinical observations and previous cadaveric studies such as An [1] who compared the kinematics of Morrey type and nonconstrained type TER. In the present study elbow flexion/extension motions were studied not only in the vertical plane considered in most previous studies but also in the horizontal plane. Motions in both planes represent a range which covers most situations one would face in most daily activities. The horizontal plane motion subjected the elbow to external varus loadings. In An's in vitro study a varus stress was also applied to the TER. However, in vivo motions are a result of dynamic muscle activities and ligamentous constraints so the actual loading transmitted by the TER may be very different from a single unidirectional varus stress that was simulated in vitro. In the current study the nonconstrained TER was found to be stable in the vertical motion and less so during horiziontal motion as shown by the standard deviations of the screw axes (Tables 1 and 2 ), which has not been found in previous in vitro studies using a simulated stress. This finding suggests that avoiding horizontal motion of nonconstrained TER may be necessary to reduce its instability.
Although semiconstrained TER was found to be more stable during elbow flexion/extension in both the vertical and horiziontal planes compared to nonconstrained TER, it requires more bone resections at surgery and may have complications such as loosening, infection, osteolysis and wear. Moreover, revision of semiconstrained TER is difficult because of the weak and reduced bone stalk at the elbow after semiconstrained total elbow arthroplasty. Nonconstrained TER was found to be less stable than semiconstrained type but its clinical results have been good with good survivorship and less bone resection during surgery. During a revision total elbow arthroplasty, a nonconstrained TER is often suggested. Therefore, if the bone stalk and collateral ligaments are good, nonconstrained implants remain an option for inflammatory arthritis and good long-term results have been reported [16] .
The screw axis motions during vertical motion without external loading in the present study were similar to those in previous studies of normal elbow joint [9, 10] . No such data for TER were reported in the literature. Both Bottlang et al. [9] and Duck et al. [10] used cadaveric specimens to study screw axis motion of normal elbow joint under simulated muscle forces. The results of the current study were similar to theirs but with higher variances, most likely because of the fundamental differences between TER and normal cadaveric joints. As pointed out above, the forces generated by muscles in vivo were difficult to simulate in cadaveric specimens.
The articular surfaces and ligaments, which would greatly influence the performance of the joint during motion, were also different between TER and normal cadaver joints. In the present study, the articular surfaces were determined by the design of the TER, which can be very different from those of the normal elbow joint. Some main ligaments were also released during total elbow arthroplasty. With these differences it was inevitable that our results had bigger variations than those of the previous studies.
Previous studies on total elbow kinematics considered only those during vertical motion even though the elbow joint during daily activities involved motions in all planes [25] .
In the present study elbow flexion/extension motions were studied using screw axis method both in the vertical and horizontal planes to cover most situations one would face in most daily activities. As shown in Figs. 4 and 5 and Tables 1 and 2 , the nonconstrained TER was more unstable than semiconstrained TER during horizontal flexion/extension, especially under loading. Several biomechanical factors might contribute to the results, including the position and orientation of the forearm relative to the upper arm, the TER design, remaining ligamentous structures and strength of the surrounding muscles. Under loaded condition, the elbow was subjected to the external moments applied by the weight of forearm and the dumbbell. The stability of the joint depended on the ability of the TER and the surrounding soft tissues in producing the counterbalancing internal moments. The hinge design in semiconstrained TER provided resisting moments when an external moment was applied while external moments at a nonconstrained TER had to be resisted by ligaments and muscles. During vertical motion, external moments were mainly in the sagittal plane so the elbow flexors and extensors were effective in resisting these external loads. During horizontal motion, on the other hand, the external moments were mainly in the transverse and frontal planes. The major elbow muscles were not mechanically effective in resisting these moments so the external moments had to be resisted by the TER structure and the surrounding ligamentous structures.
Therefore, the semiconstrained TER was relatively stable even during horizontal motion because of its hinge joint design. On the other hand, since the nonconstrained TER did not have a hinge joint to resist the external moment through the articular surfaces, the stability of the joint depended very much on the strength of the muscles and conditions of the ligamentous structures. This may explain why the elbow joint became more unstable while under a higher load during horizontal motion. The compromised performance of the nonconstrained TER during loaded horizontal motions, when compared to those of the semiconstrained TER, was also consistent with clnical observations.
The results in the current study suggest that the experimental design and the methodology of elbow motion analysis were effective in differentiating performances between different TER designs and can be widely used in future studies on total elbow replacements. The nonconstrained TER was less stable than the semiconstrained TER during loaded horizontal motions. Patients with nonconstrained TER should be cautious in activities involving elbow motions in the horizontal plane especially under loading.
